Background: Kearns-Sayre syndrome (KSS) is a mitochondrial DNA deletion syndrome that presents with profound cerebral folate deficiency and other features. Preliminary data support the notion that folinic acid therapy might be useful in the treatment of KSS patients. Our aim was to assess the clinical and neuroimaging outcomes of KSS patients receiving folinic acid therapy.
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Conclusions: Four patients exhibited clinical and radiological progression of the disease following folinic acid treatment. Only one patient who was treated in an early stage of the disease exhibited both neurological and radiological improvements following elevated doses of folinic acid, and an additional patient experienced neurological improvement. Early treatment with high-dose folinic acid therapy seems to be advisable for the treatment of KSS. Trial registration: EudracT2007-00-6748-23
Keywords: Kearns-Sayre syndrome, Mitochondrial DNA deletion, Cerebral folate deficiency, Folinic acid treatment, Neuroimaging Background Mitochondrial DNA (mtDNA) single-large deletion syndromes predominantly comprise three phenotypes: Kearns-Sayre syndrome (KSS: ORPHA480), Pearson syndrome (ORPHA699), and different subtypes of progressive external ophthalmoplegia [1] . Kearns-Sayre syndrome is a multisystemic disorder caused mainly by single deletions in mtDNA [2] . The clinical features of these syndromes have been extensively studied over the last decades. Although mtDNA deletions are present in different tissues of KSS patients, the central nervous system (CNS) is the most severely affected system.
The choroid plexus is a target organ of KSS. The choroid plexus is the main site of active folate transport to the CNS [3] . In addition to this function, the choroid plexus has other roles in the active transport of essential micronutrients from the blood into the cerebrospinal fluid (CSF) and also transports many exogenous chemicals and waste products from brain metabolism out of the CSF [4] . Analyses of the CSF of KSS patients have shown high lactate and protein levels, dramatic reductions in 5-methyltetrahydrofolate in most cases, and other biochemical alterations [5, 6] . It has been suggested that the accumulation of mutated mtDNA copies in the choroid plexus plays an important role in causing the increases in CSF protein levels and reductions in 5-MTHF levels that are characteristic of KSS [7] . The association between cerebral folate deficiency and KSS was first described in 1983 [8, 9] . It was recently reported that cerebral folate deficiency is a common feature of KSS and other mitochondrial disorders [10, 11] . Pineda et al. [5] , described a positive clinical response following folinic therapy in a patient with a mtDNA deletion and cerebral folate deficiency. Preliminary data support the notion that folinic acid therapy may be useful for the treatment of KSS patients who present with cerebral folate deficiency, although no long-term follow-up studies have been reported. This statement is supported by the essential role of folate in brain metabolism because folate participates in hundreds of methylation reactions, and folate is essential for the methylation and stability of myelin [5] .
The objective of this study was to assess the clinical and neuroimaging outcomes and biochemical data of patients with Kearns-Sayre syndrome who presented with cerebral folate deficiency and were treated with folinic acid.
Methods

Patients
Design: open label study. We recruited eight patients with diagnoses of mtDNA single large-scale deletion syndrome and cerebral folate deficiency. Case 1 had Pearson's syndrome at onset but evolved to a complete form of KSS. All cases fulfilled the criteria for KSS during the time of the study. Data from some of the patients have been published elsewhere [5, 11, 12] . The patients were recruited at the Hospital 12 de Octubre (Madrid), Hospital San Joan de Déu (Barcelona) and Hospital Central de Asturias (Oviedo). Cases 1-4 were treated at 12 de Octubre Hospital, and cases 6 and 8 were treated at Sant Joan de Déu Hospital. Two cases (5 and 7) refused to participate in the treatment protocol but were included in the baseline patient descriptions (see the tables).
The ages, ages at disease onset, ages at the initiation of folinic acid supplementation, clinical assessment by the Newcastle Mitochondrial Disease Ratings Scale, CSF folate values, clinical features and the results of molecular studies (% mtDNA deletion and size) and histopathological studies of muscle biopsies of the patients are provided in Table 1 .
Methods
Clinical, biochemical and neuroimaging data (MRI or CT scan) were collected in baseline conditions and at different points after the initiation of therapy (Tables 1, 2 and 3). General and neurological physical examination was performed during visits that occurred at six-month intervals. Clinical outcome was assessed using the Newcastle Paediatric Mitochondrial Disease ratings Scale (NPDMS) in patients below to 18 years and the Newcastle Mitochondrial Disease Adult ratings scale (NMDAS) when patients reached adult age [13, 14] . The NPDMS is a scale developed for and validated in children with inherited mitochondrial diseases to assess disease severity. Appropriate age-specific versions of the NPMDS were utilized: 2-11 years; and 12-18 years. Sections I-III which assesses organ-specific function was completed in each patient at baseline (before treatment) and during follow-up. Complementary exams (electroencephalograms, echocardiograms, electrocardiograms, visual and acoustic evoked potentials) and renal and endocrine examinations were performed depending on the clinical condition of the patients. The follow-up periods ranged from one to eight years. Biochemical methods: Plasma lactate and folate concentrations were measured with standard automated procedures. Lumbar punctures were performed to CSF in all cases according to a previously reported protocol [15] . CSF lactate and total protein concentrations were analysed with automated spectrophotometric procedures, and CSF 5-MTHF was determined by HPLC with fluorescence detection according to previously reported procedures [15] .
Genetic analysis
DNA was isolated from the muscle in all cases with the exception of case 1 in which DNA was isolated from the blood. The mtDNA large-scale deletions were analysed by Southern blot.
Brain magnetic resonance imaging (MRIs) were performed in a 1.5 T Philips® or a 1.5 T General Electric® machine, and the protocol included T1-and T2-weighted images, diffusion weighted imaging (DWI), MR spectroscopy and fluid attenuated inversion recovery (FLAIR). MRIs were performed in all cases with the exception of case 4 who did not under MRI because of a pacemaker. A computed tomography (CT) scan was performed in this case. We evaluated the images before and at different times following folinic acid treatment (Table 3) .
Treatment protocol
Cases 1-4 received oral folinic acid at a dose of 1 mg/kg/ day, and cases 6 and 8 received higher doses (3 mg/kg/ day, Table 2 ). The doses of folinic acid were selected according to previous reported protocols for the treatment of profound cerebral folate deficiencies [5, 16, 17] . Lumbar punctures following therapy were performed in three patients (cases 1, 2 and 8; Table 2 ). The remaining cases declined undergoing lumbar puncture.
Informed consent was obtained from the families of the patients. The ethics committees of the Sant Joan de Déu, 12 de Octubre and Central de Asturias Hospitals approved the study. The clinical trial was funded and approved by the Instituto de Salud Carlos III, Spanish Ministry of Health (EC07/90272).
Results
No adverse effects were observed during folinic acid treatment. The clinical outcomes that followed are provided in Table 3 . Two cases neurologically improved following folinic acid therapy (cases 6 and 8). In case 6, the NPMDS score worsened from 17 (at baseline) to 22 (2 years after folinic acid supplementation). This outcome was due to mild alterations in endocrine system (parathyroid hormone disturbances secondary to moderate renal function impairment) and asymptomatic changes in ECG (section II of NPMDS). Vision at night worsened secondary to the instauration of retinopathy. Interestingly, some neurological items (section III of NPMDS) remained stable, such as ptosis and eye movements, the mild myopathy with symmetrical weakness of hip and shoulder girdle. No neuropathy was developed. Remarkably, cerebellar ataxia and tremor improved. In case 8, the NPMDS score worsened from 20 (baseline) to 24 (2 years after folinic acid supplementation). This outcome was due to progression of hearing loss to severe deafness, secondary problems with communication, feeding problems with gastrostomy and the change of the educational achievement attending in a special school (section I of NPMDS). Mild constipation, asymptomatic ECG changes, mild renal function impairment and anemia were observed in this period (section II of NPMDS). Interestingly, some neurological items (section III of NPMDS) remained stable: mild myopathy with symmetrical weakness of hip and shoulder girdle unchanged and neuropathy remained moderate. A recuperation ad-integrum of visual conduction after visual evoked potentials study was surprisingly found, cerebellar ataxia and tremor improved, and the patient recovered ambulation. At the time of the initiation of treatment, this patient presented with an incomplete KSS syndrome and later fulfilled the criteria for this disorder ( Table 1 ). The disease states worsened in the remaining cases. Case 1 died at age 13. Cases 5 and 7 were adults, refused to be treated and were lost during the follow-up period.
The biochemical data are displayed in Table 2 . Severe cerebral 5-MTHF deficiencies were observed in all cases in the baseline conditions, with the exception of case 5, who presented with a moderate deficiency. The plasma folate levels were within the normal range except for cae 8. The CSF protein concentrations were greater than 100 mg/dL in six of the eight patients. Three patients agree to undergo lumbar puncture following folinic acid therapy (cases 1, 2 and 8), and the low CSF folate levels were reversed in all of these patients and reached normal values. The CSF protein concentrations remained elevated after treatment ( Table 2) .
Regarding the neuroimaging, at the time of the diagnoses of cerebral folate deficiency, the main features were abnormal MRIs with elevated signals in the T2weighted images and the DWI images in the subcortical cerebral white matter, brain stem, basal ganglia (five out of eight cases) and thalamus (four out of eight cases). Cases 5 and 7 exhibited cerebellar and cerebral atrophy, respectively (Table 3 ). Neuroimaging following treatment was performed in the six cases who received folinic acid therapy. Case 8 exhibited improvement in the white matter abnormalities (Figure 1) . The remaining patients exhibited progression in the abnormalities of the subcortical cerebral white matter, cerebellum and cerebral atrophy (Additional files 1, 2, 3, 4 and 5 ).
Discussion
This is the follow-up of a series of KSS patients who were treated with folinic acid. This disorder is an example of choroid plexus failure in which the transport of folate from the blood into the CSF is inadequate and causes profound cerebral folate deficiency in the majority of cases [4, 6, 7] . Although the pathophysiology of KSS is complex and includes several aspects other than cerebral folate deficiency, the key role of this vitamin in brain function strongly supports folinic acid supplementation for these patients.
Clinical follow-up revealed that several neurological disturbances improved in cases 6 and 8, but the disease progressed in all patients evaluated by the Newcastle Scales, although very mildly in cases 6 and 8. One explanation for these findings is that brain is a target organ for folate deficiency in KSS patients, but probably not the other peripheral tissues. Moreover, the folinic treatment doses were higher for cases 6 and 8 (3 mg/kg/day). Although the post-treatment lumbar punctures that were performed in cases 1 and 2 (who received doses of 1 mg/kg/day) revealed that the 5-MTHF CSF levels reached normal values following folinic acid therapy, these values were still lower than that observed in case 8 (Table 2 ). It is difficult to exclude other factors potentially associated with the beneficial outcome observed in this work. Lactate values decreased in the second CSF sample in the 2 cases studied, but this observation may be anecdotic since it is not uncommon that lactate values are normal in mitochondrial disorders. Total protein values increased after folinic acid treatment, suggesting that the transport through choroid plexus remained impaired. Folinic doses from 0.5 to 1.8 mg/kg/day have previously been applied in certain non-mitochondrial diseases that present with cerebral folate deficiency and resulted in improvements in some neurological signs [16, 17] . However, the underlying pathophysiological mechanisms of these clinical conditions might be different from those of KSS; consequently, the required folinic doses are presumably different.
Case 8 recovered ambulation and exhibited improvements in the MRI disturbances. This patient began treatment earlier than did the others with the exception of case 1, who began treatment at a similar age (8.5 years) but did not improve. However, case 1 presented with Pearson syndrome; therefore the phenotype of this patient was more severe than that of case 8. Furthermore, case 8 received folinic acid before he met the main clinical criteria for KSS syndrome. This patient was reported in 2006 [5] and exhibited abnormal subcortical white matter without basal ganglia or brain stem involvement on MRI at onset, which indicated that this patient was in the early stage of the disease. These findings suggest that this patient might have improved due to both the early treatment and the high dose of folinic acid. This finding indicates the importance of performing early lumbar punctures to detect cerebral folate deficiencies and initiate therapy as early as possible. Clinical improvements have been anecdotally reported in cases exhibiting cerebral folate deficiencies and mitochondrial disorders. A mitochondrial patient with mitochondrial respiratory chain complex I deficiency and cerebral 5-MTHF deficiency was treated with a folinic dose of 1.2 mg/kg/day. Hypotonia and ataxia improved in this patient, and the abnormal myelination patterns observed on neuroimaging were reversed following treatment for more than three years [18] . However, this patient exhibited a baseline CSF 5-MTHF value of 38.5 nmol/L, which is significantly higher than those observed in KSS.
The neuroimaging features observed in our cases are in accordance with those reported in other publications. Patients with KSS classically exhibit cerebral and cerebellar atrophy and high-signal lesions in the subcortical white matter on T2-weighted images [19] with or without symmetrical involvement of one or more areas that include the brain stem, globus pallidus, thalamus and cerebellum [20] . White matter involvement is predominantly peripheral and includes early involvement of the subcortical U fibres and sparing of the periventricular fibres [21] . The primary involvement of the subcortical white matter discriminates KSS from other white matter diseases such as lysosomal and peroxisomal disorders in which the subcortical regions are affected only later in the process [22] . In young adults or children, the combination of bilateral high-signal lesions in the globus pallidus and high-signal foci in the subcortical cerebral white matter is characteristic of KSS [23] . The subcortical cerebral white matter is often abnormal. However, basal ganglia involvement like that which we observed in our patients has not been reported in any studies [24] . Cerebellar and/or cerebral atrophy were present in the older patients (cases 3, 4, 5 and 7), which is in accordance with the results reported by Chu et al. [20] .
MRI abnormalities have been shown to increase in parallel with the neurologic progression of KSS [25] , and we observed this pattern in patients 1, 2, 3 and 4. MRIs revealed progression in all of the cases with the exception of case 8. However, the interval between the acquisitions of the images was different in each case. Interestingly, all cases had ataxia except case 2. Some of the patients did not exhibit abnormalities in the cerebellum on the initial MRI but exhibited such abnormalities later. Interestingly, case 6 exhibited improvements in ataxia following folinic therapy but showed progression on MRI. In KSS, the correlations between cerebellar ataxia and MRI findings can be weak [20] . Furthermore, the effects of folinic acid therapy on brain are not completely understood, but probably they are wider than those related with neuroimaging changes, since brain is a target organ for folate deficiency. Otherwise, the progression of signal abnormalities coincides with neurologic deterioration. Therefore, follow-up MRIs might be useful for the assessment of the progression of this disease [26] .
MRI signal changes do not necessarily indicate dysfunction. Nevertheless, DWI, which shows restrictions in diffusion and can detect acute ischemic lesions in stroke patients, might be capable of indicating acute energy deprivations. Abnormal DWI results were found in our patients. The pathophysiology of diffusion abnormalities that are associated with degenerative disorders such as mitochondrial diseases remain to be clarified [27] . The affected regions (particularly the brain stem) are more sensitive to energy deficiencies than are other brain areas and have been shown to be affected in patients with acute energy deprivation syndromes, such as Wernicke's encephalopathy and Leigh syndrome. The pathologic features of the postmortem brains of patients with KSS include spongiform degenerations, necrosis and gliosis. Such changes are also present in other diseases such as Wilson disease and Creutzfeld-Jacob disease. These findings suggest that mechanisms other than cerebral folate deficiency could be involved in the neuroimaging abnormalities observed in KSS.
